synaptic surface, and lead to a very low efficacy of synaptic transmission. Thus, alternate mechanisms for more rapid recapture of synaptic vesicles have been proposed, such as "kiss-and-run," whereby, following Summary fusion with the plasma membrane, vesicles are retrieved intact at the active zone, without allowing the mixing of During sustained action potential (AP) firing at nerve terminals, the rates of endocytosis compared to exovesicle components with the plasma membrane. 
mission can be maintained without depletion of the vesicle pool or the subsequent accumulation of vesicle components onto the presynaptic/axonal surface. In order to monitor the accumulation of synaptic vesicle components on the presynaptic plasma membrane, we made use of synaptopHluorin (spH), a pH-sensitive GFP fused to the lumenal aspect of VAMP (Miesenbock et al., 1998), transfected into dissociated rat hippocampal neurons in culture. spH can be used to measure the recycling properties of VAMP at hippocampal terminals in real time , as spH fluorescence increases ‫-02ف‬fold during transition from the acidic vesicle lumen to the alkaline pH in the external bath (Sankaranarayanan et stimulation. Note that the releasable pool (we also refer to it as "entire releasable pool") of vesicles encomand 68% Ϯ 9% of the RP at 5 Hz, 10 Hz, 20 Hz, and passes the maximal number of vesicles that fuse with 30 Hz, respectively (n ϭ 2 experiments). These results the membrane and turn over during prolonged AP firing indicate that the sustained speed of endocytosis is suffiat high rates (see below) and should not be confused ciently fast that it allows only a limited depletion of the with the readily-releasable pool, which accounts for a RP onto the surface during stimulation up to a frequency small fraction of the releasable pool thought to be ready of 2 Hz but is surpassed by exocytosis-leading to for rapid fusion.
depletion of a significant fraction of the RP-at frequen- Figure 1 shows the average spH fluorescence of 52 cies above 2 Hz. Hereafter, we are defining a threshold boutons from a single neuron, stimulated with 300 APs frequency for depletion as that maximal frequency for delivered at different frequencies. ⌬F was normalized which the fluorescence signal reaches a steady state with respect to the signal obtained with 1800 APs delivcorresponding to at most 10% of the RP during a 300 ered in Baf (Figure 1 , pink trace) in a separate round of AP train. At room temperature, the threshold frequency stimulation. In the presence of Baf, the signal reached for depletion was between 2 Hz and 5 Hz. a plateau after ‫006ف‬ AP, consistent with previous estiOne explanation of these results is that, at lowmates of the number of stimuli required to recycle the frequency firing, only a very limited fraction of the entire RP (Ryan and Smith, 1995) . Further rounds of stimulation releasable pool continuously fuses with and recycles did not lead to any additional increases in fluorescence from the plasma membrane, as proposed for kiss-and-(data not shown). During continuous stimulation at 2 Hz run. Thus, it is necessary to separately determine the in the absence of Baf, the spH fluorescence signal rapextent of exocytosis and endocytosis taking place idly reached a steady state that corresponded to a prefor each of the stimulus conditions. In order to determine synaptic surface accumulation of at most 10% of the the extent of exocytosis in experiments like those vesicles in the RP (Figure 1, black curve) . However, when shown in Figure 1 , we measured the fluorescence we challenged the neuron with stimulation at 5 Hz, 10 change during a 300 AP stimulus in the presence of Hz, 20 Hz, and 30 Hz, the fluorescence signal rose conBaf. In addition, as this provides a direct measure of tinuously, indicating that synaptic vesicle elements acexocytosis (⌬F Baf (t) ϭ Exo (t)), comparison with a round cumulated onto the cell surface. The extent of this accumulation reached 23% Ϯ 3%, 42% Ϯ 0%, 62% Ϯ 1%, in the absence of Baf, where the signal represents the This prompt slowing of endocytosis at 35ЊC after the stimulus may reflect a combination of the inherent cal-30 Hz, respectively, indicating that the rate of depletion was much slower at higher temperatures than at room cium dependence of endocytosis (Sankaranarayanan and Ryan, 2001 ) and the robust calcium extrusion mechtemperature. Third, exocytosis of the entire releasable pool was achieved after firing more than 900 APs (as anisms that operate at this temperature (Atluri and Regehr, 1996; Sabatini and Regehr, 1998). In order to better compared to 600 APs at RT), indicating that the kinetics of exocytosis of the RP is slowed down at higher temperassess how temperature affected the balance of exocytosis and endocytosis, we measured the ratios of enatures (Figure 3) . We also monitored spH fluorescence in the axonal surface. At stimulation frequencies above docytosis and exocytosis speeds at 25ЊC and 35ЊC in the same cells. Figure 5 shows these ratios plotted as 10 Hz, the signal built up and decayed during and after the stimulus with a similar time profile to the boutons, a function of the stimulation frequency. The speed of endocytosis relative to exocytosis was ‫,%05ف‬ 35%, reflecting dispersion of spH onto the axon. However, at stimulation frequencies below the threshold for deple-20%, and 30% at room temperature compared to ‫,%58ف‬ 70%, 40%, and 40% at physiological temperature for tion, changes in spH axonal fluorescence were undetectable, indicating that synaptic vesicle elements were 5, 10, 20, and 30 Hz, respectively ( Figure 5 ). Finally we examined whether the ability to achieve a not significantly dispersing onto the axon (Figure 3 , inset). These data indicate that the lack of significant balance between rates of exocytosis and endocytosis was correlated with release efficacy at individual boudepletion of synaptic vesicle components onto the plasma membrane at the presynaptic terminal cannot be tons. We used the amount of exocytosis for 300 AP, ⌬FspH exo , to provide a relative measure of presynaptic explained by some preferential dispersion to the axonal surface but rather that endocytosis is effectively balancefficacy and examined how this correlated with the amount of endocytosis after 300 AP on a bouton-bying exocytosis. Thus, the shift in the Endo/Exo ratio observed effectively at higher temperatures may be due to faster at physiological temperature was due to both slower endocytosis, slower exocytosis, or both. To address this exocytosis and faster endocytosis at higher temperaissue, we measured the Q 10 for the sustained rate of exocytosis during a 300 AP stimulus in the same cells tures. 
A Non-Kiss-and-Run Mode of Endocytosis of this pool to discharge FM 4-64 under conditions of sustained stimulation that have only very limited deplethat Prevents Accumulation of Vesicle Components on the Synaptic Surface
tion of the RP onto the surface. Figure 7A shows an example of an experiment in which spH-expressing synOperates during Recycling of the Entire Releasable Pool Our results indicate that there is almost no depletion of the RP even during prolonged stimulation, as long as the stimulus frequency is held below a critical value. Therefore, under these conditions the rate of endocytosis is always sufficiently fast to balance the exocytotic flux. Kiss-and-run type retrieval has previously been invoked as a possible mechanism that prevents pool depletion and has been reported to have two essential characteristics. One is that it operates largely on the readily-releasable pool of vesicles-a subset consisting of ‫%52ف‬ of the vesicles in the RP-resulting in their local recycling and reuse for multiple rounds of fusion (Pyle et al., 2000) . A second characteristic is that it prevents the escape of preloaded 
cles (Betz and Angleson, 1998). In order to determine
The rates of exocytosis were obtained from linear fits to the data whether endocytosis taking place in these synapses is for the stimulus (lines), and the ratio of the rates at each temperature of a kiss-and-run form, we examined the extent of the gave an estimate of the Q 10 (0.55 in the cell shown here as example, n ϭ 56 boutons).
RP that participates in recycling as well as the ability Figure 7B) . Thus, the endocytic machinery at these synapses appears to be fast enough whether two FM dyes with differing dissociation constants destained from terminals with similar kinetics durto balance exocytosis and prevent accumulation of synaptic components on the plasma membrane while oping prolonged stimulation at 35ЊC ( Figure 7C ). The differential dissociation rates of FM 2-10 ( off ‫006ف‬ ms) and erating during the recycling of almost the entire releasable pool. We examined whether or not the destaining Figure 7C shows that both dyes destained with the same profile trapped on the cell surface. However, during this same period FM 4-64 continuously destained, corresponding when stimulated with 900 APs at 10 Hz at 35ЊC followed The debate on the nature of endocytosis during the vesicle cycle at synaptic terminals has persisted for the 89 Ϯ 3; % destained 90APs ϭ 34 Ϯ 1 and 31 Ϯ 8; for FM 2-10 and FM 1-43, respectively, n ϭ 4). Similar results last 30 years and has concentrated largely on the kinetics of this process. One reason to pay close attention were observed when stimulating at 5 Hz (data not shown). This suggests that vesicles were fusing in a to the speed of endocytosis is that it might limit the capacity of a synapse to relay information during susnon-kiss-and-run mode. Taken together, these results indicate that most of the RP makes transit through the tained AP firing, since, if it was too slow compared to the average rate of exocytosis, the functional vesicle surface, fusing in a non-kiss-and-run manner, during stimulation frequencies at which synaptic elements are pool would accumulate on the cell surface and in turn either gradually reduce the efficacy of transmission or not significantly accumulated on the surface. result in complete transmission failure. In the work presented here, we designed experiments aimed at meaThe Entire Releasable Pool Is Comprised of a Similar Number of Vesicles at 35؇C and 25؇C suring the fraction of the releasable pool that accumulated on the presynaptic surface under a variety of We addressed whether the size of the entire releasable pool was changed at 35ЊC compared to 25ЊC. First, we stimulus conditions, which we operationally defined as depletion of the releasable pool. Our results show that compared the fluorescence increase during a train of 1200 APs 30 Hz at both temperatures in the presence endocytosis operates intrinsically at a fast rate, in the sense that it balances exocytosis effectively to prevent of bafilomycin, which provides a relative measure of the number of vesicles in the RP ( Figure 8A ). On average, significant depletion of the RP of vesicles onto the presynaptic surface during robust synaptic activity. Althe fluorescence level reached at steady state at 35ЊC was 114% Ϯ 17% (n ϭ 3 experiments) of that at 25ЊC, though our data might at first glance be taken as evidence that kiss-and-run operates continuously during indicating that a similar number of vesicles comprised the RP at both temperatures. Second, we tested whether repetitive AP firing, two features are inconsistent with the current definitions of that pathway. First, during AP the identity of the synaptic vesicles comprising the releasable pool at each temperature was the same ( relative speeds of endocytosis compared to exocytosis
